Introduction
Chronic myeloid leukaemia (CML) is a malignant haemopoietic stem cell disorder characterized by the reciprocal translocation between chromosomes 9 and 22, resulting in the Bcr-Abl oncoprotein. 1, 2 Imatinib mesylate (IM), a tyrosine kinase inhibitor that binds to the ATP-binding site of Abl, has been shown to be therapeutically efficient in CML. [3] [4] [5] [6] In spite of impressive clinical responses, resistance to IM is common and three mechanisms have been identified: mutations in the Abl kinase domain, overexpression of the Bcr-Abl protein, and upregulation of the P-glycoprotein. [7] [8] [9] [10] [11] [12] Therefore, identification of additional targets for molecular therapy among the downstream effectors of Bcr-Abl may provide attractive candidates for treatment of CML.
The Ras pathway plays a key role in Bcr-Abl-mediated leukaemogenesis, and Ras is activated by Bcr-Abl. 13, 14 Ras proteins are involved in signal transduction, cell proliferation, and malignant transformation, and their appropriate function is dependent on prenylation, a post-translational modification that anchors the proteins to the plasma cell membrane. 15, 16 Prenylation is catalyzed by farnesyltransferase (FTase) and geranylgeranyltransferase (GGTase) and when FTase is inhibited by FTase inhibitors, Ras can still be prenylated by GGTase. 17, 18 Bisphosphonates (BP) are metabolically stable analogues of pyrophosphate. 16 Nitrogen-containing BP inhibit the mevalonate pathway and prevent the prenylation of Ras and other small GTP-binding proteins, through the inhibition of farnesyl diphosphate synthase, thereby reducing levels of the substrates for FTase and GGTase. 19 BP can induce apoptosis, inhibit cell cycle progression, and the proliferation in vitro of several types of cancer cells. [20] [21] [22] [23] [24] [25] [26] [27] Synergy was also observed when BP were combined with other chemotherapeutic agents. 21, 24, 27, 28 Zoledronate (ZOL), a third generation BP, was shown to prolong the survival of immunodeficient mice inoculated with an IMsensitive human CML cell line both alone and in combination with IM. 27 In the present study, we examined whether IM-resistant CML cells exhibit cross-resistance to ZOL, and whether the combination of IM and ZOL offers any advantage for elimination of these cells. We also investigated the effect of ZOL on prenylation, cell cycle and apoptosis in these IM-resistant cells. Our results reveal that resistance to IM is not associated with resistance to ZOL and the combination of both drugs is additive or synergistic, even in IM-resistant cells.
Materials and methods

Cell lines
AR230-s, KCL22-s, AR230-r, and KCL22-r are IM-sensitive and -resistant human CML myeloid cell lines, established as previously described. 7 32Dp210-s is an IM-sensitive cell line derived from the transfection of the BCR-ABL cDNA into 32D, a murine myeloid cell line. 29 IM resistance was also induced in the 32Dp210 cell line by continuous culture in the presence of gradually increasing doses of IM up to 1 mM. Ba/F3, a murine lymphoid cell line, 30 was transfected with full-length wild-type Bcr-Abl or Bcr-Abl with kinase domain point mutants (Y253F, E255K, T315I, and M351T) generated by site-directed mutagenesis. 31 The mechanism of resistance in AR230-r is upregulation of the Bcr-Abl protein associated with amplification of the BCR-ABL gene, while in the IM-resistant 32Dp210, herein referred to as 32Dp210-r, it is a F311V kinase domain mutation. 32 The exact mechanism of resistance in KCL22-r is unknown, but it is independent of Bcr-Abl and possibly lies in a down stream effector. 7, 33 All cell lines were grown in RPMI 1640 (Gibco, UK) supplemented with streptomycin, penicillin, L-glutamine and 10% fetal calf serum, herein referred to as RF-10. AR230-r, KCL22-r, and 32Dp210-r were maintained in RF-10 containing 1 mM of IM.
Drugs
IM was prepared as a 1 mM solution in distilled H 2 O and stored at 41C ZOL was prepared as a 10 mM solution in distilled H 2 O and stored at À201C.
MTS cell proliferation assay
The MTS assay (methylthiazol-tetrazolium, inner salt) (Promega, UK) was used to determine cell proliferation, as previously reported. 34 Cells were plated in quadruplicate and exposed to escalating doses of each drug independently. Three independent experiments were performed. The AR230 and KCL22 cell lines were seeded at 2 Â 10 4 ; Baf/BCR-ABL cell lines at 4 Â 10 3 ; and 32D and 32Dp210 cell lines at 2 Â 10 3 cells per well. After 72 h, 20 ml of MTS were added into each well and the absorbance at 490 nm was measured on an automatic microplate reader (MRX; Dynatech, UK).
Data were analysed by the median-effect method using the Calcusyn software (Biosoft, UK) 35 to determine the doses of ZOL which would inhibit 50% proliferation (IC 50 values) and the effect of combining IM and ZOL. In addition to increasing doses of each drug, the cells were exposed to a constant-ratio combination of both drugs. This was set on the basis of their equipotent ratio, that is, at the ratio between their IC 50 's. The combination index (CI) at 50, 75, and 90% growth inhibition was calculated to determine if the combination was synergistic (CIo0.9), additive (CI 0.9-1.1) or antagonistic (CI41.1). Duplicate or triplicate experiments were performed.
Cell cycle analysis
Between 1-2 Â 10 6 cells were centrifuged twice in phosphatebuffered saline (PBS) and incubated in ice-cold 50% ethanol for 30 min. The cells were centrifuged again in PBS and stained with propidium iodide (PI) and RNAse (Sigma-Aldrich, UK). After 1 h, the cells were analysed on a Becton Dickinson FACS Calibur (Becton Dickinson, UK). The proportion of cells in the various stages of the cell cycle were determined using the Cylchred software program, version 1.0.2 for Windows 95 (Cardiff University, UK). Three independent experiments were performed.
Apoptosis assay
Assessment of apoptosis was carried out by Annexin V staining as recommended by the manufacturer (Becton Dickinson). After a 72-h incubation with the drugs, the cells were centrifuged twice in cold PBS, resuspended in Annexin V-binding buffer and incubated with 5 ml of fluorescein-conjugated Annexin V and 10 ml of 50 mg/ml PI for 15 min at room temperature. The cells were then analysed on a Becton Dickinson FACS Calibur. Two independent experiments were performed.
Western blot analysis
After 48-h incubation with ZOL, the cells were centrifuged twice in PBS and lysed in 1% Triton X, 20 mM Tris (tris(hydroxymethyl)aminomethane, pH 8.2), 150 mM NaCl, supplemented with 1 mM phenylmethylsulphonyl fluoride and 1 mM sodium metavanadate. Protein concentrations were determined using the colorimetric DC Protein Assay (BIO-RAD, UK). Protein (60 mg) were resolved onto 12% sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) gels and blotted onto polyvinylidene difluoride membranes (Immobilont-P, Millipore Corporation, UK) by semidry electrophoretic transfer. The membranes were incubated for 1 h in blocking solution containing 5% dried nonfat milk in TBST (25 mM Tris, 138 mM NaCl, 2.7 mM KCl, pH 8.0 and 0.1% Tween 20) and then incubated overnight with mouse monoclonal anti-Ras antibody (Becton Dickinson) or goat polyclonal anti-Rap1A antibody (Santa Cruz Biotechnology, USA). The membranes were washed three times with TBST and incubated for 1 h with the appropriate secondary antibodies. The bands were detected using the enhanced chemiluminescence kits (Amersham Biosciences, UK).
Primary cells and colony-forming assays
Leukapheresis products were obtained from newly diagnosed IM-naïve CML patients and peripheral blood specimens were obtained from IM-resistant patients. Normal samples were obtained from mobilized peripheral blood stem cell or bone marrow harvests from volunteer donors for allogeneic transplant. Informed consent was obtained from all three groups. Mononuclear cells were separated on Lymphoprep (Axis-Shield PoC, Norway) and plated in Iscoves' methylcellulose medium (Methocult H4230, Stemcell Technologies, Canada) at a density of 1 Â 10 5 /ml for newly diagnosed CML patients and normal samples; and at a density of 1-5 Â 10 5 /ml for IM-resistant patients. The methylcellulose was supplemented with 5 ng/ml recombinant human (rh) interleukin-3, 100 ng/ml rh stem cell factor (Stemcell Technologies), 1 ng/ml rh granulocyte-macrophage colony-stimulating factor and 100 ng/ml rh granulocyte colony-stimulating factor. Plating was done in quadruplicate wells in flat-bottomed 96-well plates with the drugs added at the required concentrations. Duplicate plates were set up for each experiment. After 14 days, the number of colonies was scored and clusters with more than 100 cells were counted as a colony.
Sequencing of the Abl kinase domain
RNA was extracted using the acid guanidinium thiocyanate method, 36 and complementary DNA was synthesized using random hexameric primers. The Abl kinase domain was amplified using a two-step hemi-nested reverse transcriptase/ polymerase chain reaction (RT/PCR). In the first step, the forward primer, B2A þ (5 0 -TTCAGAAGCTTCTCCCTGACAT-3 0 ) anneals onto the exon 13 of the Bcr gene and the reverse primer, NTPE À (5 0 -CTTCGTCTGAGATACTGGATTCCT-3 0 ) anneals onto the exon 9 of the Abl gene, at the end of the tyrosine kinase domain. For the second step, the NTPB þ forward primer (5 0 -AAGCGCAACAAGCCCACTGTCTAT-3 0 ), anneals onto exon 4 of the ABL gene, at the beginning of the kinase domain, while the reverse primer was the same as for the first step. The PCR products were purified with the QIAquick gel purification kit (Qiagen, UK) and subjected to direct sequencing on a 3700 DNA Analyser (Applied Biosystems, USA).
Statistical analysis
SPSS for Windows version 11.0 statistics package (SPSS Inc, USA) was utilized to analyse differences by the nonparametric two-tailed Mann-Whitney test. Statistical significance was considered as Pp0.05 in two-tailed analyses.
Results
ZOL exerts a strong antiproliferative effect in IM-sensitive and IM-resistant cell lines
The IC 50 for IM and ZOL were determined by the MTS assay and the results are summarized on Table 1 . In the Bcr-Abl-overexpressing cell line AR230-r, the IC 50 for IM was 18-fold higher than in its sensitive counterpart. In contrast, the IC 50 for ZOL was only 1.2-fold higher in AR230-r compared to AR230-s, and this difference was not significant (P40.05). The difference in IC 50 for IM was also significantly different in the KCL22 pair (P ¼ 0.05), but not for ZOL (P40.05). In 32Dp210-r, the IC 50 for IM was 14-fold higher than in 32Dp210-s, but the antiproliferative effect of ZOL was similar between the pair. It is also of interest to note that in the non-Bcr-Abl expressing 32D cell line, the IC 50 for ZOL was two-fold higher than in the Bcr-Abl expressing 32Dp210-s (P ¼ 0.05). This would suggest that ZOL is less toxic to nonleukaemic cell lines.
The Baf/BCR-ABL mutant cell lines studied here contain the most common mutations detected in patients who develop resistance to IM. Baf/BCR-ABL Y253F and Baf/BCR-ABL E255K have mutations in the ATP binding site of the kinase domain. Baf/ BCR-ABL T315I directly impairs IM binding without affecting the binding of ATP and is highly resistant to IM. Baf/BCR-ABLM351T has a mutation in the catalytic domain and retains some sensitivity to IM although requiring a five-fold higher IC 50 than the wild-type Baf/BCR-ABL. In contrast, the antiproliferative effect of ZOL in the mutant cell lines was comparable to or stronger than in the wild-type cell line, and this is reflected by similar or lower IC 50 's in the former (Table 1) . Taken together, the results suggest that cell lines resistant to IM by different mechanisms do not exhibit crossresistance to ZOL.
Combination of IM and ZOL is largely synergistic in both IM-sensitive and -resistant cell lines
Combination studies were next performed and the results of the CI at 50, 75 and 90% growth inhibition are summarized on Table 2 . In general, synergy between both drugs, as defined by a CIo0.9, 35 was seen in nearly all the paired sensitive and resistant cell lines at high effect levels. An exception was the AR230 pair, where slight antagonism was observed at the IC 50 , although the combination was nearly additive or synergistic at the IC 75 and IC 90 . Combination studies were not performed in the Baf/BCR-ABL T315I as IM was not active in this cell line at doses below 9 mM, a dose, which is toxic even to BCR-ABLnegative cell lines.
ZOL effectively inhibits prenylation in IM-sensitive and -resistant cell lines
In order to confirm that ZOL's antiproliferative effect on the BCR-ABL-positive cell lines was associated with its capacity to These were determined by MTS proliferation assays at 72 h of treatment with the respective drugs and represent the mean and standard deviation of three independent experiments. (Figure 1 ).
ZOL induces S-phase arrest and apoptosis in IM-sensitive and -resistant cell lines
With the objective of clarifying the basis of the antileukaemic action of ZOL on the CML-derived and -related cell lines, we investigated its effect on the cell cycle and its capacity to induce apoptosis when combined with IM. An increase in the fraction of cells arrested in S-phase was observed in both the AR230 and KCL22 paired cell lines treated with 100 mM ZOL between 24 and 72 h. This increase corresponded to a decrease in G 1 /G 0 phase, and there was a small increase in the sub-G 1 /G 0 fraction, which represents an apoptotic population ( Figure 2 ). These results suggested that ZOL induced S-phase arrest and possibly apoptosis as well. More stringent analysis of apoptosis as defined by Annexin-V positivity by flow cytometry confirmed that ZOL did indeed exert this function. After 72 h of treatment with 100 mM ZOL alone, apoptosis was induced in 38.5% of KCL22-s and 29.2% of KCL22-r. The addition of 1 mM IM enhanced the level of apoptosis to 88.6% in the KCL22-s. IM at doses of 1 and 2 mM did not induce apoptosis in the KCL22-r, but when combined with ZOL, the levels of apoptosis were increased to 36.7 and 47.2%, respectively (Figure 3a and b) . In AR230, 50 mM ZOL-induced apoptosis in 40.9% of the sensitive and 37.6% of the resistant cells. The level of apoptosis was also enhanced when IM and ZOL were combined in both AR230-s and AR230-r (90.0 and 77.4%, respectively) (Figure 3c and d). The induction of apoptosis was time-and dosedependent (data not shown).
ZOL inhibits clonogenicity of IM-resistant primary CML cells
Having shown the antiproliferative and proapoptotic effects of ZOL in BCR-ABL-positive cell lines resistant to IM, we next evaluated its performance on primary progenitor cells from IM-naïve and -resistant CML patients and normal individuals. In samples from newly diagnosed IM-naïve CML patients, Zoledronate for imatinib-resistant CML C Chuah et al treatment with 10, 20, and 40 mM of ZOL reduced CFU-GM colony formation to 72.0, 50.9, and 30.9% of control values, respectively. Treatment with 0.5 mM IM confirmed that these CML samples were sensitive to IM in vitro. Using the same doses of ZOL in normal progenitors, a differential effect in CFU-GM colony reduction was seen when compared to the CML samples and this was significant at 20 and 40 mM (Po0.05) (Figure 4a ). These results suggest that ZOL was less toxic to normal progenitors.
The efficacy of ZOL was next tested in six samples from CML patients who had never attained a cytogenetic response or who had lost the response while on IM treatment. Sequencing of the Abl kinase domain revealed that of the six patients, one had a Y253F, one a H396R, and one a G250E mutation. Additional chromosomal abnormalities were also present in three patients. The patient with the Y253F mutation had a double Philadelphia chromosome and the patient with the H396R mutation had an isochromosome 17. The remaining patient had an interstitial deletion in chromosome 18. Whereas, as expected, 0.5 mM IM produced a significant differential effect in inhibiting CFU-GM colony formation between IM-naïve and -resistant samples, ZOL treatment yielded only a small difference between the two groups. When compared to the IM-naïve group, there was a trend towards increased colony formation in IM-resistant samples, which did not have a mutation, and a reduction in samples, which had mutation (Figure 4b ). Although these differences were not significant (P40.05) probably due to the small number of samples analysed, the increased sensitivity of the mutation-harbouring primary cells to ZOL was consistent with the proliferation assay results which also showed an increased sensitivity to ZOL among the Baf/BCR-ABL mutant cell lines.
CFU-GM assays were also performed in the presence of both IM and ZOL. In IM-naïve samples, the combination of 0.5 mM IM and 20 mM ZOL reduced CFU-GM colony formation to 13.2% of the control, and the combination was significantly more effective than IM or ZOL alone (31.6 and 50.1%, respectively; P ¼ 0.05) (Figure 5a ). The enhancement of combination therapy was also observed in samples from IM-resistant patients in whom the mechanism of resistance was not known (Figure 5c ): at the same doses, IM and ZOL reduced CFU-GM colony numbers to 24.2% of the control and this was significantly better than the effect of IM (84.0%; P ¼ 0.05) or ZOL alone (70.0%; P ¼ 0.05). In samples, which harboured a mutation, combination therapy was marginally more effective than single agent therapy but the difference was not significant (Figure 5d ). Similar to earlier results that ZOL or IM alone were less toxic to normal haemopoietic progenitors, the toxicity was not increased when both drugs were combined (Figure 5b ). Zoledronate for imatinib-resistant CML C Chuah et al
Discussion
Although the introduction of IM has represented a major achievement for the therapy of CML, one-quarter of the patients treated upfront with this inhibitor fail to achieve complete cytogenetic response, 3 and the majority persists with molecular evidence of residual disease. 37 In addition to this important component of primary resistance, relapse of the leukaemia after an initially successful response is a major problem. [4] [5] [6] It is clear, therefore, that monotherapy with IM may not be the best option in CML, and that addition of drugs, which can inhibit alternative signal transduction pathways and synergize with IM may enhance the effect of the targeted therapy.
In this study, we evaluated ZOL as a potential agent for overcoming IM resistance in patients with CML. ZOL is an attractive candidate as it is already available for clinical use in the treatment of hypercalcemia of malignancy, bone metastases and multiple myeloma. 38, 39 It has also been shown to be active in two IM-sensitive CML cell lines, BV173 and K562, and to synergize with IM in inhibiting proliferation in vitro and prolonging the survival of mice xenotransplanted with BV173. 27 The effect of ZOL on cells resistant to IM, a most relevant issue, had not yet been investigated.
The cell lines, we selected for demonstration of the biological effects of ZOL model the most common mechanisms of resistance reported in patients who have become refractory to IM, namely mutations in the Abl kinase domain, Bcr-Abl overexpression and defects on Bcr-Abl downstream effectors. In our study, none of the resistant cell lines exhibited cross resistance to ZOL, regardless of their mechanism of resistance. In fact, the antiproliferative effect of ZOL seemed to be stronger in some of the mutant cell lines. 27, 40 was that ZOL was less toxic to normal haemopoietic cells, as shown by proliferation and clonogenecity assays. Nitrogen-containing BP alter the function of Ras by inhibiting its prenylation through the abrogation of FTase and GGTase, essential enzymes in the mevalonate pathway. 19 We have, in fact, observed that ZOL blocked the prenylation of Ras, as well as Rap 1A, a substrate exclusively prenylated by GGTase, in a dose-dependent manner, and that this phenomenon occurred in both IM-sensitive and -resistant CML cell lines. While the unprenylation of Ras was not complete in two cell lines that were studied, we hypothesize that partial inhibition of prenylation may be sufficient to induce synergistic antiproliferative and apoptotic effects when combined with IM. It is important to note that the dual action of ZOL on FTase and GGTase may render it a more potent antileukaemic drug than FTase inhibitors.
A consequence of Ras inhibition is alteration of the cell cycle, 41, 42 and BP are reported to induce S-phase arrest in tumour cells. 20, 22, 26 An increase in the proportion of cells in the S-phase was also seen in our study in both IM-sensitive and -resistant cells, in a time-dependent manner. In addition to the increase in S-phase, there was also a detectable rise in the apoptotic sub G 1 /G 0 cells. IM, on the other hand, caused a G 1 arrest with a decrease in the proportion of cells in S-phase (data not shown), a phenomenon also previously observed by our group. 43 Induction of apoptosis by BP in tumour cells has been described in several malignancies. 20, [22] [23] [24] [25] Our data further supports this notion by showing that at doses required to inhibit 50% of the cell proliferation, ZOL was able to induce apoptosis in 30-40% of the cells in both IM-sensitive and -resistant cells. A noteworthy finding was that the addition of IM further increased the degree of apoptosis, and this was most evident in KCL22-r. In this cell line, the combination of IM and ZOL resulted in a five-fold and 1.5-fold increase compared to IM or ZOL monotherapy, respectively.
In our cell proliferation assays, the combination of IM and ZOL was shown to be additive or synergistic in most of the cell lines tested. Since each drug acts at a different level in the BcrAbl signalling pathway, it is not surprising that both drugs when combined displayed additivity or synergism in IM-sensitive cells. What is intriguing, however, is that the IM-resistant cells also respond in a similar way to the combination of the two drugs. This is not an unusual occurrence, as it has also been observed for other drugs in IM-resistant cells. 34, 44, 45 A possible reason for this phenomenon is that at low doses that do not induce apoptosis but are suffcient to reduce Bcr-Abl kinase activation, IM is able to sensitize the resistant cells to the antiproliferative or cytotoxic effect of the second drug. An alternative explanation is that these resistant cells still retain some quantitative sensitivity to IM, 46 and synergism with a second drug can only be achieved when combined with a dose of IM high enough to overcome resistance. 44 Both mechanisms are evident in this study. In KCL22-r (resistant due to defects downstream of Bcr-Abl), when low doses of IM insuffcient per se to induce apoptosis were combined with ZOL, the killing effect was increased compared to ZOL alone. On the other hand, in AR230-r (resistant due to Bcr-Abl overexpression), a higher dose of IM was required to increase the level of apoptosis in combination with ZOL. It is likely that this increase in apoptosis, Effect of 0.5 mM IM and increasing doses of ZOL on formation of CFU-GM colonies at D14 (a) normal (n ¼ 6) and newly diagnosed IM-naïve CML patients in chronic phase (n ¼ 5), (b) IMnaïve patients (n ¼ 5), patients resistant to IM due to unknown mechanism (n ¼ 3) and patients resistant to IM due to a kinase mutation (n ¼ 3). Vertical bars show 1 s.d. ( n Pp0.05).
Zoledronate for imatinib-resistant CML C Chuah et al while modest, may be one of the mechanisms accounting for the synergism arising from combination therapy seen in the cell proliferation assays. Another possible mechanism contributing to the synergism is the effect on different phases of the cell cycle of these two drugs, with IM inducing cell cycle arrest at the G1-phase and ZOL at the S-phase. A similar situation was observed in the clonogenicity of primary leukaemic cells, where combination of IM with ZOL was also superior to single agent therapy for inhibition of CFU-GM colony formation, and this was especially evident in the IM-sensitive and IM-resistant CML cells for which the mechanism of resistance was not known. Regardless of the mechanism leading to synergism, the combination of IM and ZOL is certainly encouraging and promising.
A possible caveat to the use of ZOL is that the maximal plasma levels range from 0.5 to 5 mM depending on the dosage and duration of infusion. 47, 48 This is 10-100-fold less than the levels required to inhibit cell growth or induce apoptosis in vitro. There are no data available, as yet, on the bioavailability of ZOL in bone marrow cells. However, BP accumulate rapidly in the bone and high levels of between 100 and 1000 mM have been estimated for alendronate at the osteoclastic resorption site, 49 and clinical pharmacological studies suggest that ZOL is bound to bone for prolonged periods. 39 It is this avidity for the bone and possibly bone marrow, which makes BP ideal candidates for the treatment of bone marrow disorders, such as CML. Indirect evidence already exists which shows the utility of BP in multiple myeloma and CML. ZOL has been shown to delay the appearance of leukaemic cells in mice transplanted with BV173, and to improve survival. 27 ZOL was also shown to reduce tumour-induced osteolysis and skeletal tumour burden, as well as to prolong survival in a 5T2 murine model of myeloma. 50 The preferential concentration of BP in the bone may itself be a double-edged sword as it may allow the proliferation of leukaemic cells in extramedullary sites. While this may preclude the use of ZOL as monotherapy in CML, combination with IM will definitely be an attractive option in newly diagnosed CML patients and in patients who are resistant to IM-monotherapy. This is currently being tested in our centre in an ongoing phase I-II clinical trial with this combination in CML patients who failed to achieve a complete remission with IM alone. 
